RESULTS AND DISCUSSION
With their deep, laterally compressed bodies and comparatively large fins, Pycnodontiformes were maneuverable reef fish present from the late Triassic (Norian) to the Eocene Period (late Ypresium) [1, 2] . Nearly all Pycnodontiformes were highly specialized, with their characteristic durophagous dentition strongly suggesting a diet of predominantly hard-shelled prey; preserved shells and sea urchin spines in the gut contents of Pycnodontiformes clearly indicate their durophagous feeding habits [3] . However, variation in tooth morphology can have a major impact on an animals feeding ability. The effect of tooth morphology on ecology has been well documented in vertebrates ranging from mammals to pterosaurs [4, 5] . Teeth have also been implicated in major ecological transitions in the evolution of fishes [6] .
Here we show a major transition in the teeth of a pycnodontiform fish, with the appearance of piranha-like teeth. This is the earliest record of specialized flesh-tearing or fin-cutting teeth in the Pycznodontiformes, as well as in the Actinopterygii, marking the earliest movement of ray-finned fishes into this new flesh-cutting niche. Fish fossils from the same depositional series that yielded Archaeopteryx have now revealed both the earliest record of a marine piranha-like fish and the damaged bodies of its likely victims.
Teeth in Pycnodontiformes are restricted to the unpaired vomer in the roof of the mouth and the paired prearticulars, premaxillae, and dentaries. Pycnodontiformes are characterized by specialized heterodont dentition with flat and rounded, cobbleshaped crushing teeth on the vomer and prearticular at the back of the mouth and with columniform or incisiform grasping teeth on the premaxilla and dentary at the front. In basal forms (Arduafrons, Gyrodus, and Mesturus), these grasping teeth are slightly hook shaped [1] . The maxilla is toothless, covering parts of the vomer and prearticular and thus forming the fish's cheek. The vomerine and prearticular teeth are arranged in characteristic, longitudinal rows (except in Iemanja palma [7] , with irregularly arranged teeth), forming a dense pavement suitable for crushing hard-shelled invertebrates [1, 3, 8] .
In the Late Jurassic Plattenkalk quarry of Ettling (Hartheim Basin within the Solnhofen-Archipelago, Markt Pfö rring, Bavaria, Germany [9] ), pycnodontiform fishes are common, known so far by five species (Turbomesodon relegans [10] , Turboscinetes egertoni [11, 12] , Proscinetes elegans [13] , Proscinetes bernardi [11, 14] , and Macromesodon macropterus [13] ).
In 2016, an exceptional pycnodontomorph specimen JME-ETT4103 (Jura-Museum Eichst€ att, Germany) ( Figure 1 ) was discovered in Ettling by the museum's excavation team. Superficially, JME-ETT4103 resembles the holotype of Apomesodon gibbosus [15] (BSPG-AS-VII-346 at Bayerische Staatssammlung fü r Pal€ aontologie und Geologie, Munich, Germany), although some features (angle of the dorsal prominence, number of neural spines, number of dorsal and anal pterygiophores, and number of scale rows) differ. However, the most striking feature of JME-ETT4103 is the unusual dentition. As in most Pycnodontiformes, there appear to be five rows of teeth in the vomer and three rows of teeth in each of the paired prearticulars. However, instead of crushing teeth on vomer and prearticulars, it has long, pointed, dagger-shaped teeth along each of the exterior-most tooth rows of the vomer and triangular teeth along the exteriormost tooth row of the prearticulars with serrated cutting edges. Named Piranhamesodon pinnatomus gen. et sp. nov. for its striking piranha-like dentition, the earliest flesh-eating pycnodont is described.
This nearly complete fish, from the Late Jurassic of Ettling (late Kimmeridgian to early Tithonian) (Hartheim Basin, Solnhofen-Archipelago), Bavaria, Germany, is currently the oldest known ray-finned fish (Actinopterygii) able to cut flesh out of larger prey, representing convergent evolution with serrasalmid fishes, modern piranhas. The genus name is a combination of piranha after the flesheating serrasalmid piranhas and the pycnodont genus name Mesodon [15] . The species name pinnatomus, meaning ''fincutter,'' refers to its unusual mode of predation. Holotype JME-ETT4103 is a nearly complete fish (Figures 1, 2 , S1, and S2), curated at the Jura-Museum Eichst€ att (Germany). Type Locality and Horizon Quarry west of the village Ettling, Markt Pfö rring, Bavaria, Germany; Late Jurassic, late Kimmeridgian to early Tithonian. Diagnosis Pycnodontiform Actinopterygii with the following unique combination of characters, with autapomorphies indicated with an asterisk: small basal pycnodontiform (7 cm standard length [SL]; 9 cm total length [TL]) with short distance between orbita and jaws; dorsal prominence angle shaped, with straight dorsal border and an angle of 125 ; cranial bones ornamented with spines; six long, pointed, dagger-shaped teeth along each of the exterior-most tooth rows of the vomer* and six triangular teeth along the exterior-most tooth row of the prearticulars*, which have cutting edges along their anterior-dorsal edge*; four dentary teeth; three prearticular tooth rows; five vomerine tooth rows; 34 neural spines (epaxial elements excluding those of the caudal endoskeleton), 26 of them autogenous from the neural arches; caudal peduncle not differentiated; 31 dorsal and 24 anal pterygiophores; dorsal and anal fin rounded anteriorly; distal border of caudal fin rounded to slightly double emarginated; 20 principal caudal fin rays; three urodermals; complete body scales only in the anterior-ventral part of the body and scale bares persisting to the caudal area; 15 scale rows with complete scales in the anterior-ventral part of the body; gular region covered with scales; posteriorly to the dorsal apex 22 dorsal ridge scales with a maximum of three spines; three nuchal plates; 23 ventral keel scales with a maximum of three to four spines; most scales with tiny spines; and three branchiostegals.
Systematic Paleontology

Detailed Description
See Data S1. Phylogenetic Position See Figure S3 and Data S1.
Dentition
As in most Pycnodontiformes, Piranhamesodon pinnatomus gen. et sp. nov. appears to have five rows of teeth in the vomer and three rows of teeth in each of the paired prearticulars. However, instead of crushing teeth on vomer and prearticulars, there are six long, pointed, dagger-shaped teeth, slightly curved backward, along each of the exterior-most tooth rows of the vomer (Figures 2A and 2B ) and six triangular teeth along the exterior-most tooth row of the prearticulars, which have cutting edges along their anterior-dorsal edge ( Figures 2C) . These cutting edges are serrated (Figures 2D) and interact scissor-like with the respective vomerine tooth in front of them. These exterior-most vomerine and prearticular teeth are strengthened by highly mineralized acrodin [3, [16] [17] [18] covering the tips and cutting edges, appearing black in the fossil (Figures 2D). The highly specialized teeth at the exterior-most tooth row of prearticulars and vomer are anchored to the jaw with a robust circular base (see also Videos S1 and S2). Their pulp cavity is noticeably larger than usual in prearticular and vomerine crushing teeth of Pycnodontiformes, where a small pulp cavity reflects their function: i.e., crushing hard-shelled prey, but without tooth breakage. A larger pulp cavity, on the other hand, reflects a more flexible attachment or, more likely, frequent replacement of the sharp-edged relatively thin teeth. This would be an interesting departure from other pycnodontids, where exceptionally small pulp cavities and observations on the available fossils suggest that the teeth were rarely, if ever, replaced [19] .
The inner, median teeth of prearticulars and vomer in Piranhamesodon pinnatomus (Figures 2E and 2F ) have been studied by CT scanning at Erlangen University (see Videos S1 and S2). In the available specimen, they are slightly disarticulated and either incomplete or too delicate to be visualized completely. However, it is quite clear that they are not the usual flat, pavement-like to slightly ornamented crushing teeth of pycnodontids, but form irregular, limpet-shaped, slightly asymmetric blunt to pointed cones mounted on a columnar base. Judging from the CT scans, they are more delicate than the exterior teeth and thus unsuitable for crushing hard-shelled organisms.
Only one of the originally four dentary teeth on each side is preserved completely, but the other three are documented by their broken tooth bases. The one preserved dentary tooth and some other broken teeth of premaxilla and dentary with uncertainty of exact position show clearly that these anterior teeth of the jaw were not incisiform, as in most Pycnodontiformes, but terminated in a sharp tip.
Feeding Behavior
The pronounced deviation of Piranhamesodon pinnatomus from usual tooth morphology of pycnodontids suggests that our new pycnodontiform departs from the widespread specialized predation on hard-shelled organisms. It is also different from the generalist morphology of the lower Jurassic Dapedium (Dapediiformes), which combines crushing teeth in the bucal cavity with peg-to slender cone-shaped teeth along the mouth's outer rim [20] . Instead, the highly differentiated, scissor-like interacting teeth along the exterior-most tooth row of the prearticular and vomer of Piranhamesodon pinnatomus suggest a novel and highly unusual mode of predation compared to all other known Pycnodontiformes or contemporary Actinopterygii. The interdigitating, serrated, angular tooth morphology of Piranhamesodon pinnatomus is indicative of teeth that may be more suitable for cutting flesh instead of crushing hard prey.
This assessment is supported by the biomechanical dimensions of the jaw apparatus. To compare the jaw apparatus of Piranhamesodon pinnatomus with that of other taxa, we measured the jaw-closing lever ratio [21] of the specimen, the relative distance between the posterior-dorsal edge of the lower jaw and the orbit, and the relative length of the adductor mandibular muscle complex in 16 pycnodontiform taxa and 22 other actinopterygians (see Data S1).
High jaw-closing lever ratios are indicative of potentially strong jaws [21] , a mechanical necessity for a durophagous mode of life. The molariform crushing teeth of the typical pycnodontiform distribute jaw-closing pressure on a relatively large surface facilitating a secure grasp on the shells of prey. An extremely high jaw-closing lever ratio, therefore, is necessary to enable these fishes to deliver enough force to crack hard-shelled prey, e.g., gastropod shells or sea urchins. By contrast, fishes with narrow, pointed teeth require a far smaller lever ratio to penetrate the soft skin and flesh of their prey. In these taxa, the lever ratio is more likely to be optimized for speed, to rapidly capture prey, rather than for force [21] .
The anatomical distance between the posterior-dorsal edge of the lower jaw and the orbita is indirectly related to the jaw-closing force. Fishes requiring more force for crushing hard-shelled invertebrates have been reported to need more support of connecting bones (elongated mesethmoid and parasphenoid [8] ) to withstand forces between the jaw and the bones around the orbit. Pycnodontiformes also need space for their jaw-closing muscles: the large adductor mandibular muscle complex [20, 22] , which is located in Pycnodontiformes at least partly between the posterior-dorsal edge of the jaws and the eye. Its total length has an influence on jaw-closing force and velocity transmission to the lower jaw [23] . Figure 3 highlights the distinctive pycnodont morphology compared to the other actinopterygians (for data, see Data S1). The jaw-closing lever ratio of the Piranhamesodon pinnatomus specimen JME-ETT4103 is well within the range of Pycnodontiformes, pointing to an exceptional high bite force compared to other actinopterygians, especially considering that in our unusual specimen jaw-closing force is not distributed along multiple rounded crushing teeth, but is concentrated on the sharp tips of the fish's ''fangs.'' On the other hand, the relative ''jaw-orbit distance'' ( Figure 3A) is within range of non-pycnodontiform actinopterygians and considerably lower than in ''normal'' Pycnodontiformes, although the relative length of the adductor mandibular muscle complex is average for a pycnodontiform ( Figure 3B ). (A shorter distance between the eyes and the jaws is sometimes a feature of juveniles; the complete ossification of the bones indicates, however, that JME-ETT4103 is not juvenile.) Thus, in Figure 3A , Piranhamesodon pinnatomus sits in an intermediate position between the comparatively basal pycnodontiform Gyrodus and those non-pycnodontiform actinopterygians with the highest known bite force (including recent piranhas: Serrasalmidae [24] ). The data suggest that the Pycnodontiformes exhibited a wider diversity of modes in procurement and processing of prey than previously [22, 25] reported.
The high jaw-closing lever ratio points to potentially strong jaws, while the relatively low jaw length of Piranhamesodon pinnatomus indicates that this fish was unable to swallow large prey whole [21] . Fish that target small soft-bodied prey usually have uniform, sharp pointed, cone-shaped teeth, which they use to grab their prey and retain it within their mouth [17] , while hunting small elusive prey requires higher speed, acceleration, Table S1 . and agility than the pycnodontiform morphology seems able to provide. The dentition and morphology of Piranhamesodon pinnatomus, however, all suggest that the fish was adapted to cutting chunks of flesh from larger prey. The serrated tooth edges and scissor-like interaction of lower and upper tooth edges upon closing of the jaw strongly reflect the flesh-feeding modern piranha. While the powerful jaws, muscles, and lever ratios indicate that the jaws would have been able to cut through flesh with no problems. The only other known contemporary flesh eaters in the Late Jurassic Solnhofen Archipelago were among modern sharks and turtles, with their respective distinctive jaws. Piranhamesodon pinnatomus was thus a pioneer in exploiting a new ecological niche. However, the body of Piranhamesodon pinnatomus resembles that of other pycnodonts, suggesting that the feeding mode of this species required no major changes to its locomotion.
This raises the question of the ecological role of Piranhamesodon pinnatomus. There are several options for a relatively slow-moving, strong-jawed, flesh-cutting fish. It could have been a scavenger feeding on large, dead prey. However, dead prey are rarely seen in shallow tropical waters, and there are no modern analogs, especially in shallow marine systems. It therefore appears that it fed on living prey. Given that the new pycnodont was recovered from shallow tropical marine coastal deposits, with numerous fishes, the most logical conclusion is that it preyed on fish and that it cut chunks out of larger prey.
All the evidence suggests that the slow-moving, but highly maneuverable, Piranhamesodon pinnatomus may have exploited aggressive mimicry (Peckham's mimicry [26] ). Retaining the typical pycnodontiform shape and possibly aided by corresponding coloration, it may have approached and then attacked unsuspecting fish, biting and tearing a mouthful of scales, fins, or flesh from their unwary prey in a striking parallel to the feeding patterns of modern piranha [27] . Although modern piranhas are well known for attacking fish prey, as well as other animals on occasion, direct observations emphasize the importance of feeding on the fins of other fishes, a widely available a renewable resource [27] . Remarkably, there is evidence of injuries to fins and fin bases in fossil fishes recovered from the same deposits as Piranhamesodon pinnatomus (Figures 4A and 4B) . It thus appears that Piranhamesodon pinnatomus pre-dated the piranha in both morphology and behavior. As a marine piranha-like fish during the time of the dinosaurs, it is the oldest known flesh-eating actinopterygian and reveals a remarkable convergent evolution with modern piranhas.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, David Bellwood (david.bellwood@jcu.edu.au).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
The experimental subject is the fossilized holotype of the pycnodontiform fish Piranhamesodon pinnatomus (JME-ETT4103), which is curated at the Jura-Museum, Eichst€ att, Germany.
METHOD DETAILS
Micro-CT-Scanning
Micro-CT scans of JME-ETT4103 were performed with the General Electric/Phoenix vjtomejx S 240 of the mCT-Laboratory at the Section Palaeontology at the Geozentrum Nordbayern of the University of Erlangen, Germany. The micro-CT was equipped with a GE X-ray source xsj240d with a tungsten target and a GE flat panel detector DXR250RT with 1000 3 1000 pixels. Scanning was done at a voltage of 170kV and a current of 240 mA. For better spacial resolution, the fossil was scanned with 2 3 virtual detector enlargement on the x axis and 3 partial scans on the y axis (42 mm of isometric voxel size). A 1.0 mm copper filter was applied to reduce beam-hardening effects. The field object distance (FOD) was 170 mm. Raw data were reconstructed and merged with GE datosjx V2.4 software, using a Feldkamp algorithm based on filtered back projection. For noise reduction of the reconstructed dataset, a median filter (VolumeGraphics) within a local neighborhood of 3 voxels (diameter of neighborhood area) was used. All CT data post-processing was performed with the VolumeGraphics Studio MAX software version 3.0. The fish teeth were segmented mainly manually. Due to the dimensions of the fossil plate, it was not possible to reduce the FOD below 170 mm in order to get a better local resolution of the volume. This affected also separation between the teeth, so in many cases, no automated threshold segmentation algorithm could be applied.
Phylogenetic Analysis
A data matrix was assembled from 105 characters that have previously been found to be informative in resolving phylogenetic relationships among the Pycnodontiformes. The characters were taken from [28] and [1] , with modifications from [10] , [12] , [29] , [30] and [31] . The number of taxa used for the original data matrix in [1] with 33 taxa is expanded to 46 taxa, plus Atractosteus spatula as an outgroup. To the eight additional taxa in [12] , the following taxa were added to a phylogeny for the first time: Macromesodon macropterus [13] (sensu [10] ); New gen. hoeferi [32] ; Apomesodon comosus [33] ; Piranhamesodon n. gen. n. sp. and the Val Garza sp. ( [2] , Figures 7 and 8 ).
Most characters are defined in [1] ). With new characters (character 36, 44); new character states (character 33, 34, 74); modifications (character 3, 28, 33, 54, 55, 72, 74, 75, 87, 93); new arrangement of character states (28, 30, 69, 71, 101 ) and combination of characters (character 24, 31, 34, 35, 38, 49, 50, 57, 73) . Characters 36 and 44 were added in order to incorporate the character states seen in the new genus Piranhamesodon and character 77, used in different phylogenies of basal actinopterygii, is now included in a phylogeny of the Pycnodontiformes for the first time (see also Data S1 for the character list and assembled character matrix).
